To manage steel-making slag (SS) produced as industrial waste and conserve ceramic raw material resources, it is significant and sustainable to develop new ways of using SS. In this study, a novel ceramic brick was prepared using SS and red clay. The influence of SS particle size and sintering temperature on the sintering process and final properties of the red clay ceramic bricks was investigated. The water absorption capacity and compressive strength of these samples were analyzed. The results showed that the water absorption rate of the samples decreased with decreasing slag particle size and that the compressive strength of the sample reached its peak value at a moderate SS particle size (<0.075 mm) and sintering temperature (1150°C). The effect of SS particle size on the properties of the red clay ceramic bricks was investigated by analyzing the liquid phase and crystal structure. In addition, the relationship between SS particle size and activation energy of the sintering reaction was established, which is expected to provide useful information for the design of a sintering schedule for red claySS ceramic tiles with a certain SS particle size. We demonstrated a process for preparing a new type of ceramic brick that exceeds the specifications for pedestrian paving applications, while minimizing problems related to waste SS disposal.
Introduction
Steel-making slag (SS) is a by-product of the conversion of iron to steel, and is one of the most common industrial wastes; approximately 150 kg of SS is produced per ton of steel manufactured. 1) Approximately 170250 million tons of SS was produced globally in 2014 alone.
2) Due to intensive research over the past 50 years, in some developed countries, the utilization rate of SS is nearly 100%, with 50% being directly used for road construction.
2) However, the utilization rate of SS is lower in developing countries; in China, the utilization rate of SS is only 22%.
2) The necessary disposal of SS leads to the use of farm land as landfills and causes environmental pollution. 3) In recent years, new ceramic materials containing SS to partly replace traditional kaolin clay have been extensively studied. The main elements in SS include calcium, silicon, iron, aluminum, and magnesium. 4) SS is hard and dense, and can be used to prepare high-strength bricks; 5) its high concentration of iron and other impurities greatly affects the color of the ceramics, 6) making it more suitable for use as an additive in ceramic materials that are not too high in color. SS has various components that allow it to act as a clinker and has poor plasticity, which makes it suitable as a raw material for ceramic making. Therefore, it is useful and feasible to study red claySS ceramic bricks. Zhao et al. 7) used SS as a ceramic raw material and obtained CaOMgOSiO 2 ceramic tiles with a bending strength of 99.84 MPa. Wang 8) successfully prepared highperformance ceramic tiles using SS (with different particle diameters), talc, and kaolin as the raw materials. Overall, few studies on the preparation of red clay ceramic bricks containing SS as an additive material have been conducted worldwide. Hua et al. 9) investigated the influence of red clay addition to SS on the sintering temperature and properties of the obtained ceramic bricks. However, this study did not investigate the effect of the particle size of SS on sintering and the performance of the sintered brick.
In this study, SS and red clay have been investigated as raw materials for clay ceramic bricks and the effects of SS particle size on the properties of the obtained bricks and the optimal sintering temperature were investigated. The present study provides a theoretical foundation for the sintering of SSclay ceramic bricks, thus proposing a new way for preparing clay ceramics.
Materials and methods
SS and red clay were obtained from Laiwu Steel Group Co. Ltd., Shandong, China. Their chemical compositions were analyzed by X-ray fluorescence spectrometry (XRF-1800) and are listed in Table 1 . Previous research on the preparation of ceramics from SS showed that 3050% SS content was suitable for improving the performance of the ceramics. 9),10) Too much SS would cause increasing energy consumption as the increase in clay could reduce sintering temperature in SS sintering. 9) Therefore, in this study, 30% SS with particle sizes of <0.6, <0.3, <0.18, <0.125 mm (120 mesh), and <0.075 mm (200 mesh) was used to prepare bricks. The particle size distribution was calculated from the Andreasen equation, where q was considered to equal 0.3.
Where U Dp is cumulative sieve percentage, Dp is current particle size (mm), Dpmax is maximum particle size, and q is Fuller index.
The SS was ground in a QM-BP planetary ball mill at a speed of 150 rpm and then sifted and mixed. The clay was then sifted through a 100-mesh sieve. After blending the raw materials, they were dried in an air-drying oven at 105°C and then homogenously sprayed in 58% deionized water. The samples were molded under a pressure of 10 MPa and dried in a drying oven at 105°C for 12 h and then sintered in a muffle furnace (NBD M1500) in air at sintering temperatures of 1150, 1160, or 1170°C for 1 h. The overall experimental process is shown in Fig. 1 . The water absorption rates of the samples after sintering were then tested using a ceramic water absorption tester (CXX-A) under vacuum conditions. The compressive strength was determined using an anti-pressure tester (BC-300D). The samples were polished and analyzed using X-ray diffraction (XRD; STOE/2.3KW). Scanning electron microscopy (SEM; ZEISS EVO μ 18) and energy-dispersive X-ray spectroscopy (EDS; Quantax electric refrigeration) were used to observe the microstructure of the samples and determine their elemental compositions, respectively.
Results and discussion

Particle size and performance
The water absorption rates and compressive strengths of the specimens with different SS particle sizes sintered at different temperatures (1150, 1160, and 1170°C) are shown in Fig. 2 . As shown in Fig. 2(a) , when the SS particle size was <0.3 mm, the water absorption rate was the highest due to incomplete combustion as a result of the larger SS particle size. However, when the particle size was <0.075 mm, the sample completely densified and the water absorption rate did not increase significantly. Further, the water absorption rates decreased with increasing sintering temperature, indicating that the corresponding density of the samples gradually increased. The water absorption rates of all samples were superior to those provided by the ASTM standard specifications for pedes- Zong et al.: Influence of slag particle size on performance of ceramic bricks containing red clay and steel-making slag trian traffic paving bricks (water absorption rate¯16%; ASTM: C902-14) and building bricks (water absorption rate¯8%; ASTM: C62-13a).
At the same sintering temperature, the water absorption rates decreased with decreasing SS particle size. When the sintering temperature was 1150°C, changes in the water absorption rates of the samples with decreasing particle size were more gradual than those for the samples sintered at 1160 and 1170°C. When the SS particle size was <0.125 mm, the water absorption rate was the lowest of all samples. For smaller SS particle sizes of <0.6 to <0.18 mm at sintering temperatures of 1160 and 1170°C, a sharp change was observed in the curve, and the water absorption rates rapidly decreased to a minimum. This may be related to the high degree of difficulty in forming a liquid phase and the different SS particle sizes present in the raw materials during the sintering process.
At sintering temperatures of 1160 and 1170°C, with decreasing SS particle size, the compressive strength first increased and then decreased. However, at a sintering temperature of 1150°C, the compressive strength gradually increased with decreasing SS particle size. When the SS particle size was <0.075 mm, the compressive strength was 344.8 MPa, which was much higher than the value provided by the ASTM standard specifications for pedestrian traffic paving bricks (compressive strength ²27.6 MPa; ASTM: C902-14) and building bricks (compressive strength ²17.2 MPa; ASTM: C62-13a). The smaller SS particles were beneficial as they increased the surface chemical activity, thus promoting sintering. However, this led to a low volume density, which promotes burning and degrades the mechanical performance of the sintered samples.
11), 12) In order to demonstrate the effect of the SS particle size on the sintering more clearly, we derive Eq. (5) to express the relationship between the particle size of SS and the activation energy of sintering on the basis of previous studies. During sintering, the mass transfer mode changes after the formation of a liquid phase. The relationship between the shrinkage rate and time according to bulk diffusion liquid-phase sintering models was provided by Kingery 13) and Coble. 14) The linear shrinkage rate can be calculated by Eq. (1):
where ¦l/l 0 is the linear shrinkage rate, K is the function related to temperature, r is the particle diameter (¯m), and t is the heat preservation time (s). For isotropic samples, the densities of the samples obey the following rule during sintering:
where µ 0 is the pre-sintering density (kg/m 3 ) and µ is the sintered density (kg·m). Further, the sintering rate can be simplified as logarithmic functions depending on temperature, grain size, and density, 8) as shown in Eq. (3):
where Q is the activation energy (kJ·mol
¹1
), R is the gas constant, and C 0 is related to the grain size and sintering transmission mechanism and can be regarded as a constant over a narrow temperature range.
In Eqs. (1)(3) , the average equivalent diameter of the SS particles is assumed to be equal to r in Eq. (1). Equations (1) and (2) can be simultaneously solved to eliminate the shrinkage rate ¦l/l 0 ; the relationships between the sintered density, sintering temperature, sintering time, and SS particle size can then be established. Subsequently, µ was substituted in Eq. (3), and the relationship between activation energy and sintering temperature, sintering time, and SS particle size was established, as shown in Eq. (4).
When the heating rate and sintering time are fixed, the remaining two items on the left side of the equation can be determined, and Eq. (4) is further simplified to Eq. (5). Accordingly, Q can be calculated using Eq. (5), where C is related to the grain size and sintering transmission mechanism and can be regarded as a constant over a narrow temperature range.
À lnðrÞ
Equation (5) provides a concise relationship between particle size and sintering activation energy, which quantitatively describes the effect of SS particle size on the sintering temperature (a positive correlation between these variables is observed). This equation shows that smaller average equivalent diameter SS particles require a lower sintering activation energy Q; there is a logarithmic relationship between r and Q. Shao et al. 16) demonstrated that smaller SS particles require a lower sintering temperature and a lower sintering temperature to achieve densification. Hence, the smaller SS particles form a dense structure with few surface voids, which reduces the water absorption rate. Equation (5) is derived from the application scope of the reference formula.
Differential thermal analysis
Thermogravimetric analysis of a green body with an SS particle size of <0.075 mm was performed to study the sintering process (Fig. 3) . This particle size was selected as the sintered samples of this material exhibited the highest compressive strength and lowest water absorption performance. As shown in Fig. 3 , the weight of the sample decreased with increasing temperature, indicating the occurrence of burning loss during sintering. The weight loss curve showed two steps, one ranging from room temperature to 100°C and the other from 400 to 600°C. The weight loss below 100°C was probably due to the evaporation of the absorbed water in the mixture, while that in the temperature range of 400600°C was caused by the removal of crystal water from the clay. There were no obvious endothermic or exothermic peaks in the heat flow curve, indicating that the reactions were not severe. The curve only showed a weak exothermic peak when the furnace temperature reached 975°C, probably due to iron oxide and calcium oxide in the sintered solid phase forming a low-melting-point compound, such as calcium ferrite. Above 600°C, the burning loss slowed down, and the differential heat phenomenon was not obvious, indicating that the reaction was mild and uniform for this sample with a small particle size. Such behavior would help reduce the number of defects, resulting in highperformance clay ceramic bricks.
Phase and microstructure
The samples were analyzed by XRD, SEM, and EDS to determine their microstructure, the effect of SS particle size on their water absorption rate and compressive strength, and their phase composition. Figure 4 shows the XRD patterns of Sample A (1150°C, <0.6 mm), Sample B (1150°C, <0.075 mm), and Sample C (1170°C, <0.075 mm). The sintering conditions and macroscopic properties of samples A, B, and C are shown in Table 2 . The phase composition of Samples A and B were quite different; the quartz phase observed in Sample A was not observed in Sample B and the diffraction intensities of the calcium feldspar and pyroxene phases were higher for the latter. In contrast, the intensity of the quartz peak was higher for Sample A. Both samples showed similar hematite phase intensities. These observations were attributed to the smaller SS particles being more reactive, generating calcium feldspar and pyroxene phases, 17) which has been shown to improve the mechanical properties of fired bricks. 18) Meanwhile, the phases in Sample C were the same as those in Samples A and B. The water absorption rate was constant; however, excessive liquid phase resulted in deformation and a reduction in the compressive strength. Thus, the sintered samples with smaller SS particles exhibited better performance at a suitable sintering temperature.
The microstructures of the sintered samples were investigated using SEM, as shown in Fig. 5 . There were numerous irregular pores observed in Sample A [Figs. 5(a) and 5(b)], where the porosity was very high due to the accumulation of material particles. A few regularly shaped crystals were observed in region 2, showing that sintering of the sample was incomplete; the sintering time or temperature was not sufficient to form fully crystalline phases. Such a microstructure resulted in a low compressive strength and high water absorption rate. For Sample B, the structure was compact, with a low porosity. This was due to the capillary forces of spreading and wetting between the particles, which enhanced inter-particle bonding, filling some pores, and resulting in an increase in the density and solid-state reaction rate of the sample. In regions 5 and 6, needle-like crystals were observed in the glass phase; these crystals were well formed and a large region was filled by the glass phase that comes from the high temperature liquid phase. The surface porosity of Sample C [Figs. 5(e) and 5(f )] was not considerably higher than that of Sample B [Figs. 5(c) and 5(d)], where some pores were observed in the glass phase. Therefore, the water absorption rate of Sample C was similar to that of Sample B as it is related to the porosity. However, the compressive strength of Sample C was lower than that of Sample B due to the overdeveloped crystal phase at higher temperature.
To analyze the crystal phases, region 1 in Fig. 5 (a) was investigated by EDS, which was found to mainly consist of Si and O; the atomic ratio of Si:O was approximately 1:2, indicating the presence of the quartz phase (SiO 2 ). The atomic ratio of Fe:O in region 2 was 2:3, indicating the 19) as observed in Fig. 5(d) . The structure of the samples was homogenous, illustrating that the particle size and sintering temperature of Sample B provided the optimal conditions for producing high-quality bricks, consistent with the results shown in Fig. 2 . Region 4 in Fig. 5(d) mainly consisted of Fe, O, and Si, while Ca and Al were enriched around these particles. The atomic ratio of Fe:O was 1:2. The Fe content in region 4 was similar to that of region 1 in Fig. 5(a) . This indicates that the bright particle shown in Fig. 5(d) was predominantly the hematite phase, where some of this region may have been converted to the pyroxene phase. The sintering temperature and crystalline phase formation depended on the SS particle size, where smaller particles required lower sintering temperature; in this case, enhanced densification formed a highly crystalline phase which resulted in better overall performance.
Analysis of region 7 of Sample C in Fig. 5(f ) showed that some of the stripes in this region were consistent with the constituent elements of calcium feldspar. However, fewer rectangular crystals were observed compared to regions 2 and 3 of Sample A in Figs. 5(a) and 5(b) , respectively. The high sintering temperature of Sample C may have resulted in an excess liquid phase, resulting in fewer rectangular crystals. While the excess liquid phase caused softening and deformation of the sample, thus reducing its compressive strength, enhanced crystal growth hindered the diffusion of the liquid phase, obstructing gas discharge and resulting in many residual pores in Sample C and the corresponding poor compressive strength. 20) The hindrance of the crystal resulted in a degradation of the compressive strength. Thus, it was concluded that sintering at temperatures above 1150°C led to poorer performance of the sample. This finding can help reveal the mechanisms resulting in ceramic tile defects and design strategies for preventing them.
Conclusion
The effects of SS particle size and sintering temperature on the properties and microstructure of fired bricks were studied, and the following conclusions were obtained:
1. A novel clay ceramic brick with good properties was successfully prepared using SS and red clay. The sample with an SS particle size of <0.075 mm was sintered at 1150°C, which was considered the optimal condition. This sample had a water absorption rate of 0.17% and compressive strength of 344.8 MPa, both far exceeding the ASTM standard specifications for pedestrian traffic paving bricks. Thus, this ceramic tile could be widely used for paving and road construction. The SS particle size affected the optimal sintering temperature.
2. The sintering temperature decreased with decreasing particle size. Moreover, smaller SS particles produced sintered samples with better physical and mechanical properties. The micromorphology analysis showed that for a suitable sintering temperature and SS particle size, the sintered specimen had sufficient liquid phase and this phase was well wrapped. In addition, new phases, such as calcium feldspar and pyroxene, were formed.
3. The relationships between the SS particle size, sintering temperature, heating time, and activation energy of sintering were established. We observed a logarithmic relationship between the SS particle size and activation energy of sintering, which showed that small SS particles can reduce the sintering activation energy and decrease the sintering temperature.
